that approach those observed in vivo (Ross et al., 1991) . Therefore, the recent publication in this journal of papers by Brown's group (Li and Brown [1993] , Li et al. [1993] , and Okuda et al. [1993] ), reporting in vitro synthesis of cellulose using membrane preparations derived from cotton fibers would appear to represent a significant advance in the field of cellulose synthesis in plants. In addition, the presentation on the April cover of a model of a plant cellulose synthase showing different subunits may indicate to the casual reader that, at long last, the magic formula for obtaining synthase activity in plants, as well as the complete structure of the enzyme, are now in hand. Having extensive experience in this area of research, we would like to take this opportunity, not to refute the findings reported by Brown's group, but rather to try to put them in proper perspective.
To begin our assessment, we first need to restate that one basic problem in obtaining in vitro synthesis of cellulose in plants has been the very high background activity observed in a11 assays, which comes from the plasma-membrane localized callose synthase (UDPGlc: @-1,3-glucan synthase). This enzyme, with the exception of the one studied in pollen tubes (Schlupmann et al., 1993 ) is normally latent in vivo and becomes activated in the presence of micromolar levels of Ca2+ and P-glucoside. Cellobiose (CB), although not found free in plants, is normally supplied in vitro, but a likely native activator is P-furfuryl-P-glucoside (FG) (Ohana et al., 1993) . Further addition of Mg2+ does not stimulate activity, but results in the synthesis of a more insoluble form of callose and a higher mo1 wt form of the enzyme (Hayashi et al., 1987; Sloan et al., 1987; Wu et al., 1991) . Digitonin and other detergents activate the enzyme in membranes, presumably by allowing the substrate UDP-Glc accessibility to the active site in right-side-out vesicles (Fredrikson and Larsson, 1989; Wu and Wasserman, 1993) .
Keeping these facts in mind, we were surprised to find that the conditions described by Li and Brown (1993) for obtaining in vitro synthesis of cellulose in membranes of cotton fibers were precisely those that many of us have been using for years to assay callose synthase. Thus, they found that limited synthesis of P-1,4-glucan (in addition to callose) was obtained when reactions contained Ca2+, Mg2+, CB, and digitonin; omission of Mg" resulted in synthesis of only callose. A further 2-to 5-fold stimulation of acetic-nitric insoluble (ANI) glucan, which their product analyses suggest is cellulose, occurred upon supplementation with c-di-GMP, a specific activator of the bacterial synthase (Ross et al., 1991) . However, the specificity of c-di-GMP can be questioned because a similar stimulation was also observed when c-GMP, TMP, or ATP was added, none of which is an activator of the bacterial cellulose synthase. Furthermore, the observed leve1 of stimulation by these nucleotides is far lower than the up to 200-fold stimulation by c-di-GMP with the bacteria1 synthase.
When claiming to have achieved in vitro synthesis of cellulose against a very high background of callose synthesis, the quality of product analyses must always be taken into account. In our opinion, the most convincing evidence that at least some P-1,4-glucan was synthesized by Brown's group comes from the demonstration that some 14C-CB was generated when the 14C-glucan products were digested by cellobiohydrolase. However, their methylation analyses, which we consider diagnostic, were performed with product generated from unlabeled UDP-Glc as substrate, and no control was shown for reactions lacking substrate. This is important because membranes might contain endogenous 4-linked glucan, and "lint" is a common laboratory contaminant that could generate 4-linked Glc in such an analysis. Also, their analysis of ANI glucan product, which was interpreted to be 100% cellulose, showed about 20% terminally linked Glc, which would suggest that the product contained only five residues on average, although gel filtration suggested a larger size. In sum, we conclude that some @-1,4-glucan was probably synthesized against a high background of callose, but it is difficult to quantify exactly how much under the various assay conditions tested.
Concerns of the type indicated above prompted us to re-examine in vitro synthesis under conditions that approximate as closely as possible those used by Li and Brown (1993), using cotton fibers harvested, extracted, and assayed under conditions identical to those described, with two differences: Our strain of cotton was Acala SJ-2 instead of Texas Marker 1 used by them, and the locules, once frozen in liquid nitrogen, were stored at -8OOC instead of in liquid nitrogen. This latter difference might be important, because as Li and Brown suggest, storage can affect synthase activity, although no data were given to support this claim.
We concur that additional supplementation with Mg2+ leads to higher levels of ANI glucan. Our methylation analyses show a maximum of 4% of the total product being 4-linked Glc and the remainder being 3- 1993 Glc. The amount of 4-Glc found was variable and showed no correlation with the presence or absence of Concerned that long-tem storage of our cotton may have affected our ability to find a c-di-GMP-dependent activity, we turned also to an in situ assay in which suspension-cultured cells of barley or tobacco were washed and immediately permeabilized with 0.05% digitonin and assayed. Here again, we concur that some limited amount of P-1-4-glucan (about 5% of total glucan) can be synthesized when reactions containing CB and Ca2+ are further supplemented with Mgz+.
However, similar to our results with cotton, we found no stimulation by either c-di-GMP or c-GMP. Furthermore, FG, the native callose synthase activator, was as effective as CB (but at much lower concentrations) in stimulation of this P-1,4-glucan synthesis.
Two other facts worth pointing out are: (a) A small, but significant percent of 3-linked glucan sometimes survives the acetic-nitric treatment when it is limited to the 30 min used by Li and Brown; and (b) more than half of the P-1,4-glucan synthesized by the bacterial synthase is solubilized by the acetic-nitric treatment. Thus, workers should take note that, although this procedure may enrich for 4-linked glucan, it may not be totally diagnostic and is certainly not quantitative.
It is instructive to compare these rates of P-1,4-glucan synthesis with those measured in vivo in these cell types. For the cellulose synthase of A. xylinum, our most recent calculations indicate that in vitro rates are about half those observed in vivo. Rough calculations indicate that the in vitro rate of ANI P-1,4-glucan synthesis for permeabilized tobacco cells might approach 10% of that observed in vivo, and for cotton fibers, either in our experiments or those of Li and Brown, our calculations show that rates are no more than about 5% of those observed in vivo at this stage of development. By contrast, we calculate that in vitro rates of callose synthesis are very comparable to those observed in vivo.
In sum, we concur with Brown's group that it seems possible to synthesize a limited amount of P-1,4-glucan in vitro using either cotton fibers or permeabilized plant cells when a combination of digitonin, Ca2+, Mg", and CB or FG is present in the assay. However, it seems unlikely to us that conditions that are optimal for callose synthesis would also be optimal for cellulose synthesis, since these polymers are rarely synthesized in the same cell type at the same time in vivo. Furthermore, two of the effectors, Ca2+ and P-glucoside, although well-known activators of callose synthase, are clearly not effectors for the bacterial cellulose synthase, and elevation of intracellular Ca2+ in plants is usually associated with perturbed states in which callose synthesis predominates in vivo. Taking into account also the very low rates compared to those observed in vivo, we conclude that these systems are still far from optimized and that the question of stimulation by cyclic C-di-GMP.
nucleotides and/or other as-yet undetermined factors requires further extensive investigation.
Finally, whereas affinity-labeling studies (Amor et al., 1991; Delmer et al., 1991; Li et al., 1993) may provide some clues as to subunit structures of the cellulose and callose synthase(s), readers should view the model presented as useful for stimulating future research, but note that we still lack final proof of the subunit structure of these enzymes. Ohana P, Benziman M, Delmer DP (1993) Stimulation of callose synthesis in vivo correlates with changes in intracellular dishibution of the callose synthase activator P-furfuryl P-glucoside. Plant Physiol101: [187] [188] [189] [190] [191] 
